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VARIABLE SPEED CONTROL OF A CENTRIFUGAL ClHILLER 
USING FUZZY LOGIC 

BACKGROUND OF THE INVENTION 

A. Field pf the InvCTtion 

The present invention relates generally to motor controls for refrigeration 
systems. More particularly, the present invention relates to a capacity control system 
for centrifugal compressor-based water chillers, wherein the speed of an int^inial 
combustion engine-driven centrifugal compressor is automatically regulated in 
response to a continuously updated surface speed using a fiizzy logic software routine 
tb achieve liiinimum overall chiller energy consiimption. 

B. Description of the Prior Art 

As is generally known, operation of a chiller having a centrifugal compressor 
driven by an internal combustion engine is most efficient when the compressor speed 
is minimized and the pre-rotation vahe openings are maximized. However, these 
Optimum conditions must be accomplished without siirging the compressor or 
overloading the engine. 

Surge or surging is an unstable condition that may occur when compressors, 
such as centrifugal compressors, are operated at light loads and high pressure ratios. 
It is a transient phenomenon characterized by oscillations in pressure and flow, and, 
in some cases, the occurrence of a complete flow reversal through the compressor. 
Such surging, if unconu-oUed, causes excessive vibration in both the rotating and 
stationary components of the compressor and may result in permanent compressor 
damage. In particular, at surge conditions there exists a momentary reduction in flow 
and pressure developed across the compressor. This causes a reduction in the net 
torque and mechanical power loading at the compressor input shaft. In the case 
where the drive source is an electric motor, these oscillations in torque and power 
will cause oscillations in motor current and excessive electrical power consumption. 

As is also generally known, engine overload occurs when the torque required 
from the engine is greater than the torque limit set by the engine designers for a 
particular RPM. For example, engine overload can occur in a chiller system by a 
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priB'rdtation vane failing to close or failure of a feedback signal beii^ provided to a 
chiller control circuit. 

An objective, from the standpoint of maximizing efTiciency, is to operate the 
chiller at the lowest, surge-free, compressor speed possible, but still supply the load 
arid head requirements needed for a particular application. 

In certain prior art capacity control systems, approximations of chiller surge 
suifaces are factory set by means of pre-stcred surge surface equations contained in a 
capacity conu-ol unit. In other prior art capacity control systems, approximations of 
chiller surge surfaces are calculated using hardware and straight-line approximation. 
The difference between the optimum speed of the compressor drive motor, i.e., the 
minimum speed at which the compressor is surge free, and the actual motor speed 
provides a quantity known as the speed error. Speed error is eliminated by 
incrementally decreasing the compressor speed until the spieed error approaches zero, 
i.e., the actual motor speed equals the optimum surface speed. Thus, die most 
efficiem Operating point of the compressor may be achieved. However, such systems 
use hardware, which only provide approximaUons, resulting in excessive delay in 
reaching the optimum operating point. 

It is therefore dfesirable to provide a capacity control system for centrifugal 
comjpressor-based water chillers, wherein the speed of a prime mover-driven 
centrifugal compressor is automatically regulated in response to a continuously 
updated surface speed using software and a fiizzy logic routine, so as to achieve 
minimum overall chiller energy consumption, i.e., maximum operating efficiency. 

SUMMARY nv THR iMVRNTinN? 

Accordingly, it is a general object of the present invention to provWe a 
capacity control system for a refrigeVation system, wherein prime mover speed is 
adjusted automatically in response to. a continuously updated surface speed so as to 
realize minimtim overall chiller energy consumption. 

It is another object of flie present invention to provide a capacity control 
system for a refrigeration system, which includes a microprocessor for calculating the 
surface speed of the engine from continuous measurements of a PRV position signal. 



• 1. ) I i 

WO^/S0022 Pthr/US97Ad836 

-3. 

colidenser. evaporator and intake manifold pressure signals, and ah engine speed 
signal, and for setting the engine speed at a safety margin from the calculated surface 
speed. 

It is still another object of the present invention to provide a capacity control 
system for a refrigeration system which includes a microprocessor for calculating the 
surface speed of the engine from continual measurements of a PRV position signal, 
condenser, evaporator and intake liianifold pressure signals, and an engine speed 
signal, for calculating the engine speed error by subtracting the engine speed signal 
from the surface speed, and for driving the engine speed error to zero by using a 
fuzzy logic software routine contained within a microprocessor of the control panel. 

Additional objects and advantages of the invention will be set forth in part in 
the description which follows, and in part will be obvious from the description* or 
may be learned by practice of the invention. The objects and advantages of the 
invention will be realized and attained by means of the elements and combinations 
jparticularly pointed out in the appended claims. 

To achieve the objects and in accordance with the purpose of the invention, as 
embodied and broadly described herein, the invention comprises a capacity control 
syistem for a refrigeration system including a compressor, a condenser, and an 
evaporator all connected in a closed refrigeration circuit, the compressor having a 
plurality of adjustable inlet guide vanes and a prime mover connected to drive the 
compressor. The control system comprises a first transducer for sensing condenser 
pressure to generate a first signal: a second transducer for sensing evaporator 
pressure to generate a second signal; a third transducer for sensing the position of the 
inlet guide vanes to generate a third signal; a fourth transducer for sensing the acmal 
speed of the engine to generate a fourth signal; a fifth transducer for sensing the 
temperature of chilled water discharged from the evaporator to generate a fifth signal; 
a sixth transducer for sensing the load of the prime mover to generate a sixth signal; 
and a microprocessor responsive to said first through sixth signals for continuously 
calculating a surface speed of the compressor, and for controlling acmal engine drive 
speed to equal a calculated compressor surface speed utilizing a ftizzy logic 
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algorittan, wherein the prime mover comprises one of aii internal combustion engiw. 
an electric motor, and a steam turbine. 

It is to be understood that both the foregoing general description and the 
follbwing detailed description are exemplary and explanatory only and are not 
resitrictive of the invention, as claimed. 

BRIEF DRSCRTPTION OF T HR DRAWINns 

The accompanying drawings, which are incorporated in and constimte a part 
of this specification, illustrate One embodiment of the invention and together with the 
description, serve to explain the principles of the invemion. In the drawings: 

HG. 1 is a block diagram of a capacity control system in accordance with a 
pi-eferred embodiment of the presem invention, as uUlized in a typical refrigeration 
system; 

FIG. 2 is detailed block diagram of a microprocessor utilized in the chiller 
tbiitrol panel shown in Fig. 1; 

FIG. 3(a) is a graph showing the ftizzy logic algorithm membership ftinction 
for the speed error input; 

HG. 3(b) is a graph showing the ftizzy logic algoriUun membership ftinction 
for the speed rate input; 

FIGs. 4(a)-(e) are flow charts illustrating operations performed by the 
microprocessor of HQS. 1 and 2 in accordance with an embodimem of the present 
invention. 

PESCRfPTfON OF THE PRF.FERRRD KMitnniMPismf 

The present invention was developed as a control for a refrigeration system 
drivien by a prime mover. It will be appreciated that the present invention has other 
^plications since the invention pertains to a capacity control system and method for 
automatically regulating the speed of a prime mover using software and a ftizzy logic 
routine. 

Reference will now be made in detail to the presenUy preferred embodiment of 
the invention, an example of which is illustrated in the accompanying drawings. 
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Wherever possible, the same reference numbers will be used throughout the figures of 
the drawings to refer to the same or like parts. 

The capacity control system of the present invention, generally indicated at 
10, is depicted in FIG. 1 in its application to a refrigeration system. The 
refrigeration system includes a cenu-iftigal compressor 12, a condenser 14, an 
Expansion chamber 16 and an evaporator 18, all interconnected in a conventional 
closed refrigeration circuit. Refrigerant is compressed in compressor 12 and 
delivered to condenser 14 where it is exposed to a cooling medium, such as water 
from a cooling tower (not shown), and condensed to a liquid refrigerant. The liquid 
refrigerant expands as it passes through expansion chamber 16 en route to evaporator 
18. As the liquid refrigerant flows through evaporator 18, circulating water from a 
building's air conditioning equipment enters via conduit 19 into heat exchange 
relationship with the refrigerant, which is vaporized and remmed to a suction inlet of 
the compressor. In this manner, water is chilled in evaporator 18 for circulation 
through air cooling units throughout a building. In order to vary the amount of 
building cooling in response to changes in the cooling demand or load, the capacity of 
compressor 12 is adjusted by regulating the flow rate of the refrigerant through the 
refrigeration loop. To afford this regulation, a plurality of inlet guide vanes 20, also 
referred to as pre-rotation vanes ("PRV"), are incorporated in a suction duct 
conveying vaporized refrigerant from evaporator 18 to compressor 12. 

In the disclosed embodiment of the presient invention, centriftigal 
compressor 12 is driven by a prime mover such as an internal combustion engine 
fueled by natural gas. However, an electrical motor or steam nirbine may be used as 
compressor prime movers in producing the present invention. Namral gas*ftieled 
engine 22 is controlled by a governor 28 included in an engine control panel 30. 

Surge in a chiller system results froni rapid changes in the chilled water 
temperatures or other major system disturbances such as, for example, a reduction in 
the condenser cooling water flow or a rise in condenser water temperature. Repeated 
surging unduly stresses engine 22 due to wide ranging variations of compressor 
loading on its ou^ut shaft 32. Therefore, a surge detection system (not shown) may 
be utilized with the present invention. A suitable surge detection system is disclosed 
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in cio-pending application serial number 08/630.842, which is assigned to the assignee 
of the present invention and is incorporated herein by reference. In the surge 
detection system of the '842 application, surge is constantly monitored, and if three 
surge events occur within a five minute period, the system is shutdown. 

As further shown in FIG. 1 . engine 22 is connected to a gearset 34 via a 
clutch 36. Engine speed may range from 1000 to 1800 RPM; gearset 34 functions in 
this example to provide a 3600 RPM input drive to compressor 12 at full speed. The 
engine control panel 30 provides startup and shutdown comrol and protection for 
engine 22. clutch 36. and gearset 34. utilizing governor 28 and other control 
components, such as a programmable logic controller (not shown), a status module 
(not shown) and an alarm display (not shown). Engine speed is controlled by 
microprocessor 26 over signal line 38. In response, the governor 28 comrols a 
throttle actuator (not shown) to maintain the engine speed at the desired level 

The capacity control system of the present invention, as shown in FIG. 1, 
includes a plurality of sensors connected to microprocessor 26 of the chiller control 
panel 24. One sensor input on line 40 is provided by a pressure transducer 42 as the 
signal indicative of the absolute pressure in condenser 14. Another sensor input 
signal on line 43 is obtained from a pressure transducer 44 indicative of the absolute 
pressure m evaporator 18. The pressure transducers 42. 44 may be pressure-to- 
current-type or pressure-to-frequency-type transducers, but are preferably pressure- 
to-voltage-type transducers. The transducers 42. 44 preferably are located at the 
compressor 12 discharge port and the compressor 12 sucUon port, respectively, or. 
alternatively, respectively located in the discharge and suction lines of the 
compressor 12. In either event, the transducers 42. 44 will sense pressures 
representative of the discharge and suction pressures of compressor 12. 

A thirC microprocessor input signal on line 46 indicates the inlet guide vane- 
position of PRV 20. The third input signal is provided by a feedback potemiometer 
48 with its movable arm or wiper mechanically coupled to the linkage of a PRV 
motor (not shown). 
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A fourth input signal on line SO is obtained from a thermistor 52 positioned to 
sense the temperature of the chilled water discharged from the evaporator 18, i.e., the 
leaving chilled water temperature ("IXHWT"). 

A fifth input signal on line 54 is an RPM signal provided by a conventional 
tachometer 56 indicating the actual output speed of engine 22. 

A sixth iiq>ut signal on line 58 is provided by a third pressure transducer 60 
positioned to indicate the intake manifold pressure of engine 22. Intake manifold 
pressure is indicative of engine load and is monitored on a continuous basis. 

In the disclosed embodhnent, the first through sixth input signals are analog 
signals input to a multiplexor 62 included in the microprocessor board 26 of the 
chiller control panel 24. as shown in FIG. 2. The microprocessor board further 
includes, as also seen in FIG. 2. an analog to digital converter 64 (A to D converter), 
which converts the analog multiplexor input signals to digital signals for processing 
by a microprocessor 66. Polling of the sensor inputs by multiplexor 62 is controlled 
by microprocessor 66 via a control signal provided on line 68. The microprocessor 
66 utilizes the input signals to derive a digital engine speed control signal, the 
derivation of which will be described below. The digital engine speed control signal 
is provided on line 70 to a digital to analog converter 72 (D to A converter), where it 
is converted to an analog engine speed control signal and ouq^utted to voltage to 
current converter 74. The voltage to current converter 74 transforms the analog 
engine speed conu-ol signal to a current engine speed output signal. The engine speed 
output current signal is preferably in the range of 4 to 20 mA and controls engine 
speed, in the disclosed embodiment, over a range of 1000 to 1800 RPM. 

The operation of the microprocessor 66 in the chiller control panel 24 will 
now be described. All processing associated with the capacity control system of the 
present mvention is performed in the microprocessor 66. The chiller control panel 24 
is a microprocessor-based control which contains various inputs and outputs for 
monitoring and controlling the various stages of the chiller system. 

The engine loiad control routine will be described first. As shown above, 
engine load, which is indicated by the intake manifold pressure measured by 
transducer 60, is inputted to the microprocessor 66. The engine 22 cylinder pressure 
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at the end of the intake stroke is proportional to the power produced by the engine 22. 
The cylinder pressure is a function of the intake manifold pressure at any engine 
speed. Thus, the intake iianifold pressure can be used to determine engine load. If 
the engine load increases to 98% of its rated load, (as pre-programmed into the 
microprocessor 66) at a given speed measured by the tachometer 56, the 
microprocessor 66 generates a control signal to increase the engine speed until the 
engine load fells to 93% of its rated load. The engine load control routine prevents 
the engine 22 from overloading and ensures that the centrifugal compressor 12 and 
engine 22 operate as near as possible to peak efficiency by minimizing the compressor 
impeller (not shown) and engine speeds. If the engine load rises to 98% of its rated 
load, the PRVs 20 are prevented from further opening. If the engine load rises to 
102% of its rated load, then the PRVs 20 will be closed until 100% loading is 
detected. 

Next the initial startup control routine will be described. After a PRV control 
routine is performed, as for example, in the manner disclosed in the U.S. Patent No. 
4.151.725. assigned to the assignee of the presem invention (disclosure incorporated 
herein by reference) has stabilized the LCHWT to within a half of a degree of a 
setpoint, the engine speed, as indicated by the tachometer 56, is lowered at a rate 
based on its distance from the optimal engine speed. The LCHWT setpoim, to which 
the LCHWT is controlled, may be in the range from 38 to 70 degrees Fahrenheit, and 
is preferably 44 degrees Fahrenheit. As the engine speed is decreased, the PRVs 20 
are automatically opened to compensate for the reduced impeller speed, which is 
direcUy related to engine speed, since the engine output shaft 32 is rotatably 
comiected to the compressor impeller via speed increaser 34 gears, compressor gears 
and Various couplings. 

If the error between the LCHWT and die desired setpoint temperature 
betomes greater than half a degree, engine speed reduction is inhibited umil the PRVs 
20 compensate by reducing the error to within the half degree deadband. In this 
fashion, the PRVs 20 automatically move to their most open position while 
tttaintainrng the required LCHWT. This initial startup control routine is performed 
by the microprocessor 66 and further includes prelubing the engine speed increaser 34 
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and cranking the engine 22 until it is running at 400 RPMs. The routine fiirther 
includes idling the engine 22 until its coolant temperature rises to 120 degrees 
Fahrenheit, prelubing the compressor 12, and engaging the engine clutch 36. Upon 
completion of the initial startup routine, the chiller unit is ready to begin chilling 
water. 

Optimal engine speed, i.e., the speed at which the compressor 12 is as close as 
possible to surge [hereinafter referred to as "surface speed"*], is calculated using a 
thre^ dimensional equation stored in the microprocessor 66. This three dimensional 
equation is a linearized representation of the centrifugal compressor surge surface. 
By operating the compressor 12 near this surge surface, maximum compressor 
efficiency is obtained. The three dimensional equation uses the compression ratio, 
(Pc - Pe)/Pe» and the PRV position 20, as inputted from the PRV potentiometer 48, as 
its independent variables. The equation also takes into account dependent variables, 
such as the diameter of the impeller as determined by the nominal CFM and head 
design for the compressor 12, the engine to impeller shaft speed ratios, and a safety 
margin to avoid surge, which are all pre-programmed into the microprocessor 66. 
The impeller diameter for this embodiment may vary from 10 to 20 inches. The 
surface speed can be calculated from the following equations and in the following 
order: 

(1) dp/p = (Pc - Pe)/Pe = Pc/Pe - 1 

(2) mach__no_wov = 0,9 if dp/p < 0.5 
mach^no^wov = 0.3*dp/p + 0.75 if 0.5 <. dp/p < 1 
mach^no^wov = 0.4*dp/p H- 0.65 if 1 <^ dp/p < 1.5 
mach__no_wov 0.23*dp/p 4- 0.9 if 1.5 ^ dp/p < 3 
mach_no_wov =1.6 if 3 ^ dp/p 

(3) mach_no = 0.0Q2*(100 - prv) if 60% < prv ^ 100% 
mach_^no = 0.00375*(60 - prv) + 0.08 if 20% < prv jC 60% 
mach_no = 0.025*(20 - prv) + 0.23 if prv ^20% 

(4) inach_no = mach_no + mach_no_wov 

(5) mach^no = 1.6 if mach no > 1.6 

(6) surfacesp = 
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(inach_no*aitt)usiic_vel*60)/(impeller_dia*speed_ratio^»mpr_ratto^ 
Where, inach_no_wov is the wide open PRV 20 position speed increment 
teqtiirement. niach_no is the partially open PRV 20 position speed increment 
requirement, irapel)er_dia is the impeller diameter, speed ratio is the engine to 
compressor ii^ut shaft speed ratio, compr ratio is the compressor gear ratio, 
acoustic_vel is the acoustic velocity, and prv is the measured PRV position. The 
impeller diameter, engine to input shaft speed ratio and compressor gear ratio are 
different for each type of engine compressor combination and are preferably entered, 
via a keypad, into the microprocessor 66. The acoustic velocity, taken from a lookup 
table, is a ftmction of the evaporator pressure P^ stored in the microprocessor 66. 
The safety margin, the programmable safety margin to avokl surge, ranges fiom -75 
RPM to -I-75 RPM, and is preferably 25 to 30 RPM. 

When the engine speed, as measured by tachometer 56, comes within 5 RPM 
idf the suifaa; spetid, the fatty logic algorithm of the present invention takes control. 
The fiizzy logic algorithm drives the speed error, which is the difference between the 
engine speed and the surface speed, to zero so that the system can run at its most 
' efficient operating point quickly and easily. The PRV control of the LCHWT is 
independent of the fiizzy logic speed control until the PRVs 20 are opened to at least 
98% of their wide-open vane position. If the LCHWT is greater than LCHWT 
setpoint, the fiizzy logic algorithm is bypassed, and the engine speed is raised slowly 
until the setpoint is reached. The fiizzy logic control is also independent of the surge 
detection apparatus of co-pending application serial number 08/630.842. the initial 
startup control routine, and the engine load monitoring routine, and thus, may also be 
bypassed by diese routines. 

The fiizzy logic algorithm controls engine speed by periodically sampling the 
actual engine speed from the tachometer 56 at pre-programmed imo-vals. The 
programmable intervals may range from I to 10 seconds, but preferably ranges from 
2 to 5 seconds. The ultimate goal of the fiizzy logic algorithm is to make the speed 
error approach zero as quickly and as smoothly as possible so that the engine speed is 
equal to the surface speed. During each sample interval, the ftjzzy logic algorithm of 
the microprocessor 66 determines the degree of membership associated with each 
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iitput by assigning a weight between zero and one hundred to each input. Then, the 
fuzzy logic algorithm evaluates several "if then** rules that combine the degrees of 
membership into the appropriate course of action to be taken by the control system. 

The fuzzy logic algorithm utilizes as inputs both the speed error € and a speed 
error rate de, which is equal to the present measured speed error less the previous 
time period speed error, as seen in RGs. 3(a) and 3(b). To determine whether the 
engine speed output signal to the governor 28 is to be increased or decreased, three 
membership functions are defmed for each of the two inputs. Each membership 
function determines in a linear fashion the degree to which the given input is zero, 
positive or negative. For example, as seen in HG. 3(a), a speed error equal to 10 
RPM yields a membership of 50% positive, 50% zero, and 0% negative. Similarly, 
as shown in FIG. 3(b), a speed error rate equal to *12.5 RPM per sample yields a 
membership function of 25% negative, 75% zero and 0% positive. The membership 
functions shown in FIGs. 3(a) and 3(b) are symmetric about zero and reflect die same 
degree of membership for negative values as positive values when considering inputs 
of equal magnitude. 

Each membership function may be programmably changed in the 
microprocessor 66 by adjusting the fixed values shown in FIG. 3(a) (+ /- 20 for the 
speed error e) and in FIG. 3(b) (+/- 50 for the speed error rate de). Thus, the 
sensitivity of both the speed error € and the speed error rate de may be modified as 
desired to optimize the system control, with lower values yielding higher sensitivity 
and higher values yielding lower sensitivity. Preferably, the fixed values for the 
speed error are +/-20 and the speed error rate are +/-50, but the fixed values for 
either may vary from +/-10 to +/-50. 



The table below shows a fuzzy logic truth table which diagranis how the 
microprocessor 66 evaluates the fuzzy logic rules in the present invention: 



TRUIH TABLE 










d, (decrease) 


di (decrease) 


X (no action) 


de, 


(decrease) 


X (no action) 


i, (increase) 




X (no action) 


ii (increase) 


i, (increase) 
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As shown In the table, e,, e^. and represent negative, zero, aiid positive speed 
errors, respectively, and d€„, de,. and d6, represent negative, zero, and positive 
speed error rates, respectively. The rule combinations, (e,, dc,). (e,. de,). and (e,. 
d€^. contribute to decrease the engine speed, whereas rule combinations, (e,. d€^. 
(€p. dep). and (e^. dCp). contribute to increase engine speed. The remaining three 
liile combinations are not evaluated since they result in no action. Therefore, a total 
of six rule combinations are evaluated utilizing a fuzzy inference minimum/maximum 
method. This method implies that a minimum "luzzy AND" mferencing will be 
performed first for each of the six rule combinations. Then a-fiizzyOR- 
inferencing will be performed in which the maximum value is found for the three rule 
combinations that result in engine speed decrease, as well as for d,e three rule 
combinations that result in increased engine speed, thus resulting in two maximum 
values. 

The resulting two maximum values need to be combined into a single output 
decision. i.e., they need to be "de-fuzzified". Since the centroid method of 
de-fiizzification is more computationally intensive than required for this application 
the singleton approach is preferably used. In the singleton approach, a single outpJt 
dec«,on is found by subtracting the decrease maximum value from the increase 
maximum value. If the resultam value is greater than zero, then the D to A converter 
72 output value will be increased by the percentage of the resultant value times the 
maximum allowable value, which is preferably 20 RPM or 132 D to A counts, and 
may be fixed or programn«ble. If the resultant value is less than zero, the D to A 
convener 72 output would be decreased in an equivalem fashion as described for the 
positive value. Ihe resultant value computed can be anywhere in the range of -100 
(maximum D to A converter 72 decrease) to 100 (maximum D to A converter 72 
increase). The D to A converter 72 is preferably a 12 bit or (4.095) count 
converter, with one coum being equal to 0.152 engine RPMs (20 RPM/132 counts). 

The fuzzy inferencing of the present invention will be further clarified by Uie 
following example, which is intended to be purely exemplary of U,e invention., and Is 
seen by the following truth table; 
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TRtJTH TABLE 
EXAMPLE 


«0 


Cje = 50 


ep = 50 


de« = 25 


d, = MIN(0. 25) = 0 


d. = MINfSO. 25) 25 


X (no action) 


dc, = 75 


dt = MIN(;0, 75) = 0 


X (no action) 


i. = MIN(50. 75) = 50 


d€» = 0 


X (no action) 


i, = MIN(50, 0) = 0 


i, = MIN(50, 0) = 0 



As can be seen in this table, the degree of membership assigned to 6,(50) is combined 
with the degree of membership assigned to d€„{25) by performing a minimum fuzzy 
inferencing. i.e., a fiizzy AND routine. The fuzzy AND routine results in a 
minimum value of 25 being assigned to a first decrease contribution d,. The same 
fuzzy AND routine is applied to second and third decrease contributions d, and d,. to 
obtain the vahie of 0 for each, as well as to obtain the values for the first, second and 
third increase contributions i„ ij, and iy After the minimum fuzzy inferencing. a 
maximum fuzzy inferencing is performed, i.e.. a fiizzy OR routine is applied to d,, 
d,. and dj, or a MAX(25. 0. 0), which yields a maximum value of 25 being assigned 
as the D to A converter decrease contribution d. The same maximum fuzzy 
inferencing is applied to increase terms i„ ij. and ij. or a MAX(50. 0. 0). which 
yields a maximum value of 50 being assigned as die D to A converter increase 
contribution i. 

The next step of the fuzzy logic routine is to combine or "de-fiizzify" the 
resultant D to A converter decrease and increase contributions d and i so that there is 
a single output decision. The centroid method of de-fuzzlfication, which is well- 
known in the art of fiizzy logic, may be used to achieve a single output. However, 
since the centroid method is more computationally intensive than required for the 
present application, the singleton approach is preferably used. As well-known in the 
fiizzy logic art. the singleton approach subtracts the resultant D to A converter 
decrease contribution d from the resultant D to A converter increase contribution i. 
which yields the value of 25. Since this value is positive, the D to A convener ouiput 
value will be increased by 25% of the fixed or programmable maximum allowable 
value. In the present invention, as shown above, the maximum allowable value of the 
D to A converter 72 is preferably 132 D to A convener counts (a count being defined 
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as 0.152 engine RPMs) or approximately 20 RPMs. Therefore, 25% of a 20 RPM 
increase is equal to a 5 RPM increase. If the singleton approach yields a negative 
value, the D to A converter 72 output will be decreased in an equivalent fashion as 
described above for the positive value. Thus, the resultant value computed by the 
singleton approach can be anywhere in the range from -100. or the maximum D to A 
converter 72 decrease, to 100, or the maximum D to A converter increase. 

If any of the other control routines described previously, e.g. , the PRV 
control routine, require the speed of the engine 22 to be raised, the fuzzy logic 
routine is bypassed until the condition is satisfied. Then, die engine speed is lowered 
until the speed error is less than or equal to 5 RPM, at which time the fuzzy logic 
routine once again takes control. 

The details of a computing device, such as the microprocessor 66 of the chiller 
cbiitrol panel 24, required to perform Uie functions just described with respect to the 
cipttation of the fuzzy logic routine are shown in FIG. 4 in flow chart fashion. The 
microprocessor 66 receives as input signals the absolute pressures P^, P, in the 
condenser 14 and evaporator 18, the PRV 20 position, the leaving chilled water 
temperature LCHWT, ti« actual engine speed, and U,e intake manifold pressure of 
etigine 22. 

The fuzzy logic routine begins at start block 76 and proceeds to function block 
78 where the cycle timer CYCLE_TMR is checked to see if it is equal to zero. The 
cycle timer CYCLE_TMR is a counter that counts a cycle period, and once the cycle 
rimer CYCLE_TMR is equal to zero, the fiizzy logic algoritiim begins. If 
CYCLE_TMR has not counted to zero, the fiizzy logic routine is exited. OUierwise 
CYCLE_TMR is set equal to C YCLE_PERIOD, which is equivalem to the sample 
interval of 2 to 5 seconds as described above. The speed error ERROR is set equal to 
the value obtained for the surface speed SURFACE_SP plus a safety margin 
SURGE_MARGIN and less the actual engine speed FB_MACH_SP (block 80) If 
the iate reset RATE_RESET is found to be "true" in function bl'ock 82. U»en the 
previous speed error ERROR_PREV is set equal to the current speed error ERROR, 
and RATE_RESET is set equal to "false" in block 84. 
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The rate reset RATE_RESET resets the speed error rate by resetting the 
previous speed error ERROR_PREV to the current speed error ERROR after the first 
run through the routine, since the speed error rate retained from the previous fuzzy 
logic run may be much different than die present speed error rate. Regardless of 
whether RATE_RESET is "true" or "false", the current speed rate RATE is set equal 
to the current speed error ERROR minus the previous speed error ERROR PREV, 
and the current speed error ERROR is set equal to the previous speed error 
ERROR_PREV in block 86. 

The routine next enters function block 88 where it is determined whether or 
not the speed error ERROR is between +/- 4 RPMs. If the speed error ERROR is 
within this range, the speed error ERROR is set equal to zero in block 90. otherwise 
function block 92 is entered where it is determined whether or not the speed error 
ERROR is less than -20 RPMs. If the speed error ERROR is less than -20 RPMs, 
then the negative speed error (€„) ERROR_NEG is set equal to one hundred, and the 
zero speed error ERROR_ZER and positive speed error (€p) ERROR_POS are 
both set equal to zero in block 94. and subroutine B is entered, otherwise subroutine 
A is entered. 

As shown in FIG. 4(b). subroutine A begins by determining whether the speed 
eiror ERROR is less than zero. i.e.. negative, in function block 96. If the speed 
error ERROR is negative, speed error ERROR_NEG is set equal to -5 times the 
speed error ERROR, the zero speed error ERROR_ZER is set equal to one hundred 
less the negative speed error ERROR_NEG. and the positive speed error 
ERROR_POS is set equal to zero, in block 98. Subroutine B is then entered. If the 
speed error ERROR is not less than zero, dien function block 100 is entered to 
determine whedier the speed error ERROR is greater than twenty. If so. the negative 
speed error ERROR_NEG and zero speed error ERROR_ZER are botii set equal to 
zero, and the positive speed error ERROR_POS is set equal to one hundred, in block 
102. and subroutine B is entered, otfierwise block 104 entered. In block 104, the 
negative speed error ERROR_NEG is set equal to zero, the positive speed error 
ERR0R_POS is set equal to five times the speed error ERROR, and tiie zero speed 
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errof ERROR_ZER is set equal to one hundred less the positive speed error 
ERROR_POS. 

In subroutine B, if the speed ent,r rate RATE is found to be less than -50 in 
fiindtion block 106. then the negative speed error rate RATE_NEG is set equal to one 
hundred, and the zero and positive speed error rates RATE_ZER. RATE_POS are 
both set equal to zero in block 108 and subroutine C is entered, otherwise'fiinction 
block 1 10 is entered. If the speed error rate RATE is^found to be less than zero in 
function block J 10, then the negative speed error rate RATE_NEG is set equal to -2 
times the speed error rate RATE, the zero speed error rate RATE ZER is set equal to 
one hundred less the negative speed error rate RATE_NEG. and the positive speed 
error rate is set equal to zero in block 1 12, and subroutine C is entered, otherwise 
function block 1 14 is entered. In function block 1 14. if the speed .error rate RATE is 
greater than fifty, then the negative and zero speed error rates RATE_NEG. 
RATE_ZER are set equal to zero, and the positive speed error rate RATE_POS is sei 
equal to one hundred in block 116. and subroutine C is entered, otherwiseWock 1 18 
is entered. In block 118, the negative speed error rate RATE_NEG is set equal to 
zero, the positive speed error rate RATE_POS is set equal to twice the speed error 
me RATE, and the zero speed error rate RATE_ZER is set equal to one hundred less 
the positive speed error rate RATE_POS, and subroutine C is entered. 

As shown in HG. 4(c). subroutine C represents the minimum fuzzy decrease 
inferencing technique described above and begins in function block 120. Here it is 
determined whether the negative speed error rate RATE_NEG is less than or equal to 
the negative speed error ERROR.NEG. If the negative speed error rate RATE NEG 
IS less than or equal to the negaUve speed error ERROR_NEG. then the decrease 
c(mtriburion DECR.SP is set equal to the m^gative speed error rate RATE NEG i e 
the minimum value, in block 122, otherwise the decrease conu-ibution DECK SP is ' 
set equal to the negative speed error ERROR_NEG in block 124. At this point the 
decrease contribution DECR_SP is equal to the firs, decrease contribution d, ' 

In function block 126, if the negative speed error rate RATE NEG is less then 
or equal to the zero speed error ERROR_ZER, then a dummy variable TEMP is set 
equal to the negative speed error rate RATE.NEG in block 128. otherwise the 
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duramy variable TEMP is set equal to the zero speed error ERROR ZER in block 
130. At this time, the dummy variable TEMP represents the second decrease 
contribution dj. In function block 132, if the decrease contribution DECR_SP is less 
than the dummy variable TEMP, then the decrease contribution DECR_SP is made 
equal to the duinmy variable TEMP in block 134, This operation is equivalent to 
fiinding the maximimi decrease contribution between the first and second decrease 
contributions d„ dj- I" fimction block 136. if the zero speed error rate RATE ZER 
is less than or equal to the negative speed error ERROR_NEG, then the dummy 
variable TEMP is set equal to the zero speed error rale RATE ZER in block 138, 
otherwise Uie dummy variable is set equal to the negative speed error ERROR_NEG 
in block 140. Subroutine D is then entered. The dummy variable TEMP now 
represents the third decrease contribution d,. 

As shown in FIG. 4(d), subroutine D begins in function block 142 by 
determining whether the decrease contribution bECR_SP, which represents the 
msiximum decrease contribution between the first and second decrease contributions 
d„ d,, is less than the dummy variable TEMP, which represents the third decrease 
contribution d,. If the decrease contribution DECR_SP is less tiian the dummy 
variable TEMP, then the decrease contribution DECR_SP is set equal to the dummy 
variable TEMP in block 144. After this operation, the maximum decrease 
contribution d has been determined and is stored as DECR_SP. 

As further shown in HG. 4(d), beginning at function block 146, tiie remainder 
of subroutine D represents the minimum fuzzy increase infcrencing technique 
described above and begins by determining whether the zero speed error rate 
RATE_ZER is less than or equal to the positive speed error ERROR POS. If the 
zero speed error rate RATE_ZER is less than or equal to the positive speed error 
ERROR_POS, then the increase contribution INCR_SP is set equal to die zero speed 
error rate RATE_ZER, i.e., the minimum value, in block 148, oUierwise the increase 
contribution INCR_SP is set equal to tiie positive speed error ERROR_POS in block 
150. At this time, the increase contribution INCR SP is equal to die first increase 
contribution i,. 
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In function block 152. if the positive speed error rate RATE_POS is less than 
or equal to the zero speed error ERROR_ZER, then the dummy variable TEMP is set 
equal to the positive speed error rate RATE_POS in block 154. otherwise the dummy 
variable TEMP is set equal to the zero speed error ERROR ZER in block 156. At 
this time, the dummy variable TEMP represents the second increase contribution i,. 
In function block 158, if the increase contribution INCR_SP is less than the dummy 
variable TEMP, then the increase contribution INCR_SP is made equal to the dummy 
variable TEMP in block 160. This operation is equivalem to finding the maximum 
increase contribution between the first and second increase contributions i,, ij. In 
function block 162. If the positive speed error rate RATE_POS is less than or equal 
to the positive speed error ERROR_POS. then the dummy variable TEMP is set equal 
to the positive speed error rate RATE_POS in block 164 and subroutine F is entered, 
otherwise subroutine E is entered. 

As shown in FIG. 4(e). subroutine F is the same as subroutine E except that it 
bypasses block 166. In block 166. the dummy variable TEMP is set equal to the 
positive speed error ERROR_POS. The dummy variable TEMP now represents the 
third increase contribution i,. As further shown in FIG. 4(e), function block 168 
determines whether the increase contribution INCR SP. which represents the 
maximum increase contribution between the first and second increase contributions i,, 
h. is less than tiie dummy variable TEMP, which now represents the third increase 
contribution ij. If so, then the increase contribution INCR_SP is set equal to tfie 
dummy variable TEMP in block 170. After tiiis operation, maximum increase 
contribution i has been determined and is stored as INCR_SP in tfie microprocessor 



66. 



Subroutine E continues at block 172, where the dummy variable TEMP is set 
equal to the difference between die maximum increase conuibution INCR_SP and the 
maximum decrease contribution DECR_SP. This operation is equivalent to die 
singleton approach of de-fiizzification discussed above. Then, in block 174. die D to 
A converter contribution DAC_TARGET is set equal to the previously stored D to A 
converter contribution DAC TARGET plus tiie quantity aEMP*132)/100. The 
routine is tiien restarted at block 176. 
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The D to A converter 72 is provided with the D to A converter contribution 
signal DAC_TARGET. which is subsequently converted to an engine speed signal in 
cuitent form, in the voltage to current converter 74, and is supplied to the governor 
28 in the engine control panel 30. The governor 28 converts the engine speed sipal 
to a throttle control signal for controlling the speed of ei^ine 22 to equal the surface 
speed as quickly and smoothly as possible. 

As can be seen from the foregoing disclosure, the present invention utilizes a 
variety of chiller inputs processed by a fuzzy logic control algorithm in order to 
quickly and easily drive the speed error of the engine to zero. Thus, the engine and 
the chiller system can be controlled to operate at the most efficient operating point 
with a good response thne compared to prior art capacity control systems. 

Other embodiments of the invention will be apparent to those skilled in the art 
from consideration of the specification and practice of the invention disclosed herein. 
It is intended that the specification and examples be considered as exemplary only, 
with a true scope and spirit of the invention being indicated by the following claims. 
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WHATlSrf.AlMfenjS. 

1 . A capacity corttrol system for a refrigeration system including a 
cdft|>ressor. a condenser, and an evaporator all connected in a closed refrigeration 
cirtuit. the compressor having a plurality of adjustable inlet guide vanes and a prime 
niover connected to drive the compressor, said control system comprising; 

a first transducer for sensing condenser pressure to generate a first 

signal; 

a second transducer for sensing evaporator pressure to generate a 

second signal; 

a third transducer for sensing the position of the inlet guide vanes to 
generate a third signal; 

a fourth transducer for sensing the actual speed of the prime mover to 
generate a fourth signal; 

a fifth transducer for sensing the temperature of chilled water 
discharged from the evaporator to generate a fifth signal; 

a sixth transducer for sensing the load of the prime mover to generate a 
sixth signal: and 

a microprocessor responsive to said first through sixth signals for 
continuously calculating a surface speed of the prime mover, and for controlling the 
actoial speed of the prime mover to equal the calculated prime mover surface speed 
uUlizing a fuzzy logic algorithm, wherein the prime mover comprises one of an 
internal combustion engine, an electric motor, and a steam turbine. 

2. The capacity control system according to claim 1, wherein said 
microprocessor calculates the surfiice speed by utilizing a compression ratio of the 
prime mover, and the first through third signals. 

3. The capacity control system according to claim 2, wherein the fuzzy 
logic algorithm enables said microprocessor to control when the acnial speed of the 
prime mover is within a predetermined number of RPMs of the surface speed. 

4. The capacity control system according to claim 3 . wherein the 
microprocessor uses the fuzzy logic algorithm to continuously calculate the difference 
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between the actual speed of the prime mover and the surface speed to derive a speed 
error, and drives the speed error to zero. 

5. The capacity control system according to claim 4, wherein using the 
ftizzy logic algorithm, the microprocessor calculates an input speed error rate by 
subtracting the speed error of a past calculation from a currently calculated speed 
error and derives plural membership functions for each of the past and current speed 
error calculations and a calculated speed error rate to determine whether the prime 
mover speed is to be increased or decreased using the membership functions. 

6. The capacity control system according to claim 5. wherein the 
microprocessor, using the ftizzy logic algorithm, determines the degree of 
membership associated with each of tte speed error and the speed error rate 
calculations by assigning a weight between zero and one hundred to each calculatibn. 
the membership fimctions resulting in plural prinK mover speed decease contributions 
and plural prime mover speed increase contributions. 

7. The cecity control system according to clafan 6. wherein the 
microprocessor, using the fuzzy logic algorithm, performs a minimum fuzzy AND 
inferencing for the membership fimctions, performs a fuzzy OR inferencing to 
calculate a first maximum value for the membership functions that result in prime 
mover speed increase contributions and a second maximum value for the membership 
functions that result in prime mover speed decrease contributions, and subtracts the 
first maximum value from the second nwximum value to derive a single prime mover 
speed control signal. 

8. A mediod for controlling the capacity of a refrigeration system having 
a compressor, a condenser, and an evaporator all connected in a closed refrigeration 
circuit, the compressor having a plurality of adjustable inlet guide vanes and a prime 
mover connected to drive the compressor, wherein the prime mover is any one of an 
internal combustion engine, an elecnic motor and a steam nirbine. said method 
cdmprising the steps of: 

generating a first signal representative of the condenser pressure; 
generating a second signal representative of the evaporator pressure; 
generating a third signal representative of die inlet guide vane position; 
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generating a fourth signal representative of the prime mover speed; 
generating a fifth signal representative of the temperature of chilled 
wafer disidiatged from the evaporator; 

generating a sixth signal representative of the load of the prime mover; 

generating control signals in response to said first through sixth signals 
to continuously calculate a surface speed of the prime mover; and 

controlling prime mover speed to the calculated surface speed utilizing 
a fiizzy logic algorithm. 

9. The method for controlling the capacity of a refrigeration system 
according to claim 8, wherein the generating step comprises calculating the surfece 
speed by utilizing a compression ratio of the prime mover, and said first through third 
signals. 

10. The method for controlling the capacity of a refrigeration system 
according to claim 9. wherein the controlling step utilizes the fuzzy logic algorithm to 
control prime mover speed when within a predetermined number of RPMs of the 
surface speed. 

11. The method for controlling the capacity of a refrigeration system 
according to claim 10. wherein the controlling step utilizes the ftizzy logic algorithm 
to continuously calculate a difference between actual speed of the prime mover and 
the surface speed to derive a speed error, and drives the speed error to zero. 

12. The method for controlling the capacity of a refrigeration system 
according to claim 11, wherein die controlling step utilizes the fuzzy logic algoritiim 
to calculate an input speed error rate by subtracting a calculated past speed error from 
a calculated currem speed error, derives plural membership functions for each of ti« 
calculated past and currem speed error rates, and determines whether tiie speed of tiie 
prime mover is to be increased or decreased using the membership functions. 

13. The metiiod for controlling the capacity of a refrigeration system 
according to claim 12, wherein the controlling step includes the step of using fiizzy 
logic algorithm to determine a degree of membership associated with each of the 
calculated speed error and the calculated speed error rate by assigning a weight 
between zero and one hundred to die calculated speed error and speed error rate, and 
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the plural membership ftinctioiis providing multiple prime mover speed decease 
contributions and multiple prime mover speed increase contributions. 

14. The method for controlling the capacity of a refrigeration system 
according to claim 13, wherein the controlling step includes the step of using the 
fiizzy logic algorithm to perform a minimum fuzzy AND inferencing for the 
membership functions, to perform a fuzzy OR inferencing to calculate a first 
maximum value for the membership functions providing the prime mover speed 
increase contributions and a second maximum value for the membership fimctions 
providing the prime mover speed decrease contributions, and to subtract the first 
maximum value from the second maximum value to derive a single prime mover 
speed control signal. 
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